Enterobactin is described in the literature as the typical iron-chelating compound (siderophore) produced by bacteria of the family Enterobacteriaceae. In the course of a HPLC with diode array detection screening programme for detection of novel secondary metabolites, enterobactin, its biosynthetic precursor 2,3-dihydroxy-N-benzoylserine and its linear dimer and trimer condensation products were found to be produced by two Streptomyces strains besides the trihydroxamate-type siderophores desferri-ferrioxamine B and E. ß
Introduction
Enterobactin (1), also known as enterochelin, is the characteristic siderophore for bacteria of the family Enterobacteriaceae [2, 3] . This catecholate-type siderophore, which is a cyclic trimer composed of 2,3-dihydroxy-N-benzoylserine, is produced by most of the enterobacterial genera [4] . Not only the cyclic molecule, but also the biosynthetic precursor 2,3-dihydroxy-N-benzoylserine (2) and its linear dimer (3) and trimer (4) condensation products are able to transport iron into enterobacteria [5^7] . The production of serine-catecholate-type siderophores is speci¢c for enterobacteria and has never been observed in other bacterial orders and families. Other types of catecholate siderophore produced by Gram-negative bacteria are represented by azotochelin [8] and myxochelin A [9] . Their biosynthetic precursor is lysine and they are produced by Azotobacter vinelandii and the myxobacterium Angiococcus disciformis, respectively. In contrast to these Gram-negative bacteria, the streptomycetes, which are Gram-positive soil bacteria within the order Actinomycetales, produce ferrioxamines as iron-chelating agents, which belong to the group of trihydroxamate siderophores [10] . The siderophore structures are shown in Fig. 1 . The present report describes the production of enterobactin by two strains of streptomycetes, the nikkomycin-producing strain Streptomyces tendae Tu « 901/8c and the freshly isolated strain Streptomyces sp. Tu « 6125.
Materials and methods

Producing organisms
S. tendae Tu « 901/8c is a well described and investigated strain which was isolated in 1969 from a soil sample collected in Nikko, Japan. Because of its characteristic morphological and chemotaxonomic features, strain Tu « 901/8c was assigned as a strain of S. tendae [11] . The strain belongs to the so-called biosynthetically creative microorganisms because it produces a large diversity of secondary metabolites, among them nucleoside-peptide antibiotics of the nikkomycin group [12] , the antibacterially active isoleucine antagonist ketomycin and the macrolide antibiotics chlorothricin and deschlorothricin [13] , the quinone antibiotics juglomycin A, B and Z and juglorubin [14] and streptofactin, a novel biosurfactant that induces aerial mycelium formation [15] .
Streptomyces sp. Tu « 6125 was isolated from a soil sample collected near Cape Coast, Ghana, using glycerol-arginine agar [16] , and was determined to be a member of the family Streptomyces by its morphological characteristics, by the presence of LL-diaminopimelic acid in the peptidoglycan, and by 16S rDNA analysis [17] .
Fermentation and isolation of enterobactin
The strains were cultivated in 20-l fermenters (b20, Giovanola) equipped with an intensor system.
The production medium for strain S. tendae Tu « 901/8c consisted of 2% starch, 0.5% peptone, 0.25% meat extract in tap water, pH 7.2. The fermenter was inoculated with 5 vol% of shaking cultures grown for 48 h in 500-ml Erlenmeyer £asks with one ba¥e on a rotary shaker at 120 rpm and 27³C in a seed medium composed of 2% starch, 2% soybean meal in tap water, pH 6.8. The fermentation was carried out at 27³C with an agitation rate of 1200 rpm and an aeration rate of 0.5 v/v/m.
The production medium of strain Streptomyces sp. Tu « 6125 was composed of 2% mannitol, 2% cotton seed in tap water, pH 7.5. The fermenter was inoculated with 5 vol% of shaking cultures grown for 48 h in 500-ml Erlenmeyer £asks with one ba¥e on a rotary shaker at 120 rpm and 27³C in the same medium. The fermentation was carried out at 27³C with an agitation rate of 1000 rpm and an aeration rate of 0.5 v/v/m.
Hy£o Super-cel (2%) was added to the fermentation broth which was separated by multiple sheet ¢ltration into culture ¢ltrate and mycelium. For isolation of enterobactin, the mycelium cake was extracted three times with MeOH^acetone (1:1). After concentration in vacuo, the oily residue was applied to a diol-modi¢ed silica gel column (LiChroprep Diol, 40^63 Wm, 20U400 mm; Merck) and separated within 4 h by linear gradient elution starting with CH 2 Cl 2 to 20% isopropanol at a £ow rate of 4 ml min 31 (MPLC system B-680, Bu « chi). Fractions containing enterobactin were concentrated to dryness, dissolved in a small volume of MeOH and puri¢ed on a Sephadex LH-20 column using MeOH as eluent. Pure enterobactin was obtained by preparative reversed-phase HPLC using a stainless steel column (16U250 mm) ¢lled with 10-Wm Nucleosil-100 C-18 (Maisch), and linear gradient elution with 0.1% acetic acid^MeOH, starting from 35% MeOH to 60% MeOH within 15 min at a £ow rate of 20 ml min 31 . The preparative system consisted of two highpressure pumps (Sepapress HPP-200/100; Kronwald), a gradient unit (Sepacon GCU-311) and a Valco preparative injection valve (model 6UW; VICI) with a 5-ml sample loop. The UV absorbance of the eluate was monitored at 230 nm with a Gilson spectrophotometer model 116, equipped with a preparative cell. After concentration to dryness, enterobactin was obtained as a white powder.
HPLC analysis with diode array detection (DAD)
The chromatographic system consisted of a HP 1090M liquid chromatograph equipped with a built-in diode array detector and HP 79994B workstation (Hewlett-Packard). Multiple-wavelength monitoring was performed at 210, 230, 260, 280, 310, 360 and 435 nm; the spectrum range was from 200 to 600 nm with a 2-nm step and a sampling interval of 640 ms.
For analysing the mycelium, a 10-ml sample of the fermentation broth was centrifuged (10 min at 13 000Ug). The mycelium was extracted with MeOH, ¢ltered, concentrated to dryness and dissolved in 1 ml MeOH. 10 Wl of the samples was injected onto a HPLC column (4.6U125 mm, guard column 4.6U20 mm), ¢lled with 5-Wm Nucleosil-100 C-18 (Grom). The samples were separated by linear gradient elution using 0.1% phosphoric acid as solvent A and acetonitrile as solvent B at a £ow rate of 2 ml min 31 . The gradient was from 0 to 100% solvent B in 15 min.
Spectroscopic investigations
ESI-MS data were collected on a Finnigan LQC mass spectrometer. IR spectra in pressed KBr disks were recorded on a Perkin Elmer FT IR-1600 spectrometer and the UV spectra on a Varian Cary 3E spectrophotometer. The homonuclear and heteronuclear 1D and 2D NMR spectra were recorded on a Varian Inova 500 instrument. Chemical shifts are expressed in N values with solvents as internal standards.
Results and discussion
Metabolite diversity
Our approach for detection of new secondary metabolites is based on reversed phase HPLC-DAD to screen microorganisms for metabolite production. Culture ¢ltrate and mycelium extracts are analysed by HPLC-DAD, and the UV-visible (UV-Vis) spectra of the resulting peaks are compared with those of reference compounds stored in our HPLC UV-Vis database [13] . Known metabolites are identi¢ed and new metabolites are characterised according to their retention times and UV-Vis properties.
By this technique, a great variety of nikkomycin structures were detected in wild-type strain and mutants of S. tendae Tu « 901 and, in dependence on the cultivation conditions, such chemically diverse compounds as chlorothricin, juglomycins, juglorubin, streptofactin and the characteristic siderophore desferri-ferrioxamine B (Desferal 0 ) [12^15]. When analysing the fermentation broth of S. tendae Tu « 901/8c by HPLC-DAD, a few peaks were detected mainly in the mycelium extract with retention times of 3.6, 5.4, 6.4 and 7.4 min, this latter being the main compound, and nearly identical UV spectra (Fig. 2) . These compounds were identi¢ed by means of our HPLC UV-Vis database as the catecholate siderophores 2,3-dihydroxy-N-benzoylserine (2), its linear dimer (3) and trimer (4), and the cyclic enterobactin (1), respectively.
The same peaks were detected in cultures and again mainly in the mycelium extract of strain Streptomyces sp. Tu « 6125. Both retention times and UV spectra of these metabolites were identical to those of strain S. tendae Tu « 901/8c and therefore can be described as the same compounds produced by di¡erent strains of streptomycetes. This assumption was con¢rmed by following investigations on structure elucidation. Strain Streptomyces sp. Tu « 6125 produced in addition to the catecholate-type siderophores two further compounds with retention times of 4.0 and 5.0 min which were identi¢ed by means of our HPLC UV-Vis database as the trihydroxamate-type siderophores desferri-ferrioxamine B (5, Desferal 0 ) and E (6, nocardamine). These ¢ndings were corroborated by adding Fe(III)-chloride to the extract which caused a shift in the retention times to that of the iron-containing reference siderophores, showing the typical maximum in the visible range at 435 nm of these iron-chelating compounds.
Structure determination of enterobactin
Enterobactin (1) was identi¢ed by a combination of NMR and mass spectrometry and by comparison with data of synthetic enterobactin given in the literature [18] . (5), and desferri-ferrioxamine E (nocardamine) (6).
The physico-chemical properties and the 13 C and 1 H spectral data are summarised in Tables 1 and 2 . The NMR signals were assigned by 2D NMR measurements (COSY, HSQC, HMBC).
Enterobactin production during fermentation
Strain S. tendae Tu « 901/8c reached its maximal biomass volume after 16 h of incubation and stayed constant during 5 days of fermentation. Enterobactin production started after 16 h and reached a maximum amount of 61 mg l 31 after 20 h, but only for a brief period. Four hours later, the enterobactin concentration dropped to a value of 4 mg l 31 which then remained constant over 62 h of fermentation. The whole amount of enterobactin and its noncyclic precursors was located in the biomass. No signi¢-cant concentration of catecholate-siderophores was measured in the ¢ltrate of the fermentation broth, in which desferri-ferrioxamine E was accumulated. Under these fast-growing cultivation conditions, no production of nikkomycins was observed.
The growth of Streptomyces sp. Tu « 6125 started after a lag phase of 44 h, reached a maximal value at 64 h and stayed constant over 5 days of fermentation. The maximal growth phase was accompanied by a strong decrease in pH value and pO 2 concentration. Enterobactin production started in the mycelium at 16 h, showing an amount of 6 mg l 31 that continued to increase slowly during 60 h of fermentation up to 8.5 mg l 31 . A similar brief production phase as in the case of S. tendae Tu « 901/8c was observed for the maximal growth phase at 64 h of fermentation, with a concentration of 39 mg l 31 . Four hours later, enterobactin dropped rapidly to 5 mg l 31 , and after 72 h of fermentation no enterobactin could be measured in the mycelium. As with S. tendae, no signi¢cant concentration of catecholate-type siderophores was detected in the culture ¢ltrate. The trihydroxamate-type siderophores desferri-ferrioxamine B and E were secreted mainly into the fermentation broth at about 16 h of incubation. A reduced but constant level of 40^50 mg l 31 desferri-ferrioxamine B and E was measured in the mycelium.
These results are further evidence for the enormous importance of iron-chelating compounds for microorganisms. Bacteria, with the exception of some lactobacilli, can only grow when they synthesise and secrete siderophores and take up chelated iron from their environment. Some of the bacteria produce various iron uptake mechanisms, e.g. Escherichia coli whose fhu genes are essential for transport of albomycin and the fungal trihydroxamate siderophore ferrichrome, but also for a number of other ferric hydroxamates such as coprogen, aerobactin, schizokinin, rhodotorulic acid and ferrioxamine B [19] . Other bacteria, like streptomycetes, are able to produce various types of iron-chelating compounds, as reported in this communication. The question which organisms have developed the genes for catecholate-type siderophore biosynthesis ¢rst^streptomycetes or the enterobacterial generaŵ ould be worth further investigation.
